Genetic predisposition to cancers is significant to public health because a high proportion of cancers probably arise in a susceptible human subpopulation. Using a mouse model of c-ray-induced thymic lymphomas, we performed linkage analysis and haplotype mapping that suggested Mtf-1, metal-responsive transcription factor-1 (Mtf-1), as a candidate lymphoma susceptibility gene. Sequence analysis revealed a polymorphism of Mtf-1 that alters the corresponding amino acid at position 424 in the proline-rich domain from a serine in susceptibility strains to proline in resistant strains. The transcriptional activity of Mtf-1 encoding serine and proline was compared by transfecting the DNA to Mtf-1-null cells, and the change to proline conferred a higher metal responsiveness in transfections. Furthermore, the resistant congenic strains possessing the Mtf-1 allele of proline type exhibited higher radiation inducibility of target genes than susceptible background strains having the Mtf-1 allele of serine type. Since products of the targets such as metallothionein are able to suppress cellular stresses generated by irradiation, these results suggest that highly inducible strains having Mtf-1 of proline type are refractory to radiation effects and hence are resistant to lymphoma development.
Introduction
Genetic variation plays a key role in determining the range of individual susceptibility to cancers in human. Population-based epidemiological studies suggest that a high proportion of cancers arise in a susceptible subpopulation that carry low-penetrance variant alleles (Demant, 1992; Nadeau, 2001; Ponder, 2001; Balmain, 2002; Balmain et al., 2003) . Thus, predisposition by combinations of weak genetic variants may be of much greater significance to public health than marked individual risks seen in the inherited cancer syndromes (Ponder, 2001; Balmain et al., 2003) . One major model for polygenic predisposition is the common variantcommon disease model, in which common variants that have arisen only once, early in the history of the population, underlie disease predisposition in humans and perhaps in mice (Wright and Hastie, 2001) . The mapping and isolation of low-penetrance susceptibility genes in humans are complicated by the multiplicity of unlinked loci that mask clearcut familial clustering. On the other hand, mouse models of cancer susceptibility show that combinations of common alleles can exert a profound influence on tumor susceptibility. Accordingly, experimental strategies for fine mapping of complex traits are well established in mouse models (Darvasi, 1998) .
Thymic lymphomas are a major malignancy in the mouse and often develop in mice lacking a variety of tumor suppressor genes identified in human cancers (Ghebranious and Donehower, 1998) . We previously carried out a genome-wide scan of susceptibility to thymic lymphomas that induced by g-irradiation in backcross and congenic mice between a susceptible BALB/c strain and a resistant MSM strain (Saito et al., 2001) . Results indicated the existence of a major BALB/ c susceptibility allele near D4Mit12 on chromosome 4. We report here the fine mapping of the susceptibility locus using subcongenic mouse lines and the haplotype mapping of the deduced candidate region. These mapping and database search suggest the presence of Mtf-1 (metal-responsive transcription factor-1) in the candidate region that encodes a transcription factor regulating responses to heavy metals and g-irradiation and contributes to cell survival ). We also show an Mtf-1 protein polymorphism and its relevance for mouse thymic lymphoma susceptibility.
Results
Our previous association study of g-ray-induced thymic lymphomas in backcross mice between BALB/c and MSM and in congenic mice demonstrated the presence of the susceptibility locus near D4Mit12; the BALB/c allele exhibited a dominance or codominance over the MSM allele (Saito et al., 2001) . This BALB/c allele also provided susceptibility to MNU-induced thymic lymphomas (Sato et al., 2003) . The congenic mice were of BALB/c background and carried a chromosomal region of 40 Mb between D4Mit9 and D4Mit203 on chromosome 4 that was derived from the MSM chromosome. They were mated with BALB/c mice to narrow down the congenic region, and four independent subcongenic lines were obtained by genotyping with Mit microsatellite markers. Genetic composition of the chromosome 4 in each line is depicted in Figure 1a . Note that the peak LOD score was in the vicinity of D4Mit12 in the previous study. Mice of each line were mated with BALB/c and the hybrids were then crossed with MSM mice. Offspring obtained were subjected to fractionated g-irradiation, followed by inspection 300 days thereafter. Of the experiment with line-3 mice, 49 of the 83 irradiated mice developed thymic lymphomas and 29 mice remained free of thymic lymphomas or other cancers for 300 days after irradiation. Four of the remaining five mice were diagnosed with systemic leukemias and one with a subcutaneous tumor, as determined by macroscopic inspection. The five mice were not included in the present study. Lymphoma incidence was separately calculated in mice of BALB/ c(C)/MSM(M) genotype and of M/M genotype at each locus. Table 1 summarizes the lymphoma incidence of the line-3 mice and the other three lines analysed in a similar manner.
The linkage was evaluated by w 2 test for goodness of fit against an expected 1 : 1 ratio of C/M and M/M genotypes. In lines 1 and 2, there was no association between tumor incidence and genotypes. On the other hand, the genotype of mice with lymphoma in line 3 showed excess C/M heterozygosity relative to M/M homozygosity at D4Mit73 or D4Mit336. The incidences in mice of C/M and M/M genotypes are in agreement with those found in the previous analysis using the original congenic mouse line. The P-value at D4Mit73 in the w 2 test is 0.018, which is statistically significant, even given the concern about the use of multiple statistical tests (Lander and Kruglyak, 1995) . Figure 1b shows the cumulative lymphoma incidences in mice heterozygous and homozygous at D4Mit73, demonstrating different incidence and similar latency. An unexpected result was obtained in line 4. The incidence was 82% in mice of M/ M genotype, compared with 61% in mice of C/M genotype at D4Mit336, suggesting the presence of a resistance-conferring BALB/c allele in the vicinity. Compilation of these data suggests the existence of a susceptibility locus in the interval that is contained in the line-3 congenic region but not in the line-4 congenic region. The length of this interval between D4Mit12 and D4Mit336 is approximately 3 Mb.
Mouse inbred laboratory strains are known to have originated from a mixed but limited founder population, and recent haplotype analysis with single-nucleotide polymorphisms (SNPs) suggests that their genomes are mosaics with the vast majority of chromosomal segments derived from domesticus and musculus sources (Wade et al., 2002) . Determination of patterns of genetic variation in the interval between D4Mit12 and D4Mit336 in mouse strains may provide clues to aid interpretation of the susceptibility mapping, since it is likely that the susceptibility locus is due to ancestral differences common to several strains rather than a rare mutation specific to a single strain. Analysis of a particular strain of C57L/J or AKR may be important, because a recent report mapped a susceptibility/resistance locus near D4Mit12 by analysis of MNU-induced thymic lymphomas using the C57L/J susceptible strain and the AKR/J-resistant strain (Angel and Richie, 2002) . The available mouse genome database (Ensembl The five laboratory mouse strains, except for the AKR/J strain, comprised the same haplotype, which is different from that of MSM and CAST/Ei. The AKR/J strain consisted of a mixed haplotype of the two, the centromeric half (Inpp5b to Grik3) being from the haplotype of the MSM strain and the telomeric half (Csf3r to Gja3) from the haplotype common to the five laboratory strains. It is more likely that the centromeric half carries the susceptibility/resistance gene, because the AKR and MSM strains may harbor the same resistant allele. This region is approximately 1 Mb long and according to the current mouse genome database contains three genes, Inpp5b, Mtf-1 and Grik3, and the Mtf-1 and predisposition to mouse thymic lymphomas Y Tamura et al corresponding region 1p34 of the human genome carries seven genes, SF3A3, INPP5B, MTF1, HUMAAUAN-TIG, DNALI1, SNIP1 and GRIK3. Gene expression in thymus or bone marrow may be a prerequisite for candidates of the susceptibility gene. Accordingly, RT-PCR was carried out on the 15 mouse genes located in the 3-Mb interval. Of the fifteen genes, 13 were expressed in the thymus or bone marrow (not shown), but only two known genes, Inpp5b and Mtf-1, were present in the centromeric half region. Inpp5b encodes a ubiquitously expressed type-II inositol polyphosphate 5-phosphatase (Hellsten et al., 2001) , and Mtf-1 encodes a zinc-finger transcription factor that responds to heavy metal exposure and oxidative stress and plays a role in cellular stress responses ). Gene-knockout mice of Inpp5b do not show any prominent phenotype except for infertility in male mice (Hellsten et al., 2001) , whereas Mtf-1 -/-mice die in utero due to acute degeneration of hepatocytes (Gunes et al., 1998; Wang et al., 2004) . This embryonic lethality suggests Mtf-1 as a plausible candidate because a polymorphism reducing gene function is likely to affect the phenotype. Expression of Mtf-1 and other genes was compared between BALB/c and MSM mice, and no obvious difference was found in any of the genes (Figure 3a) . Allele-specific expression was also determined by RT-PCR, and subsequently restriction fragment length polymorphism (RFLP) analysis of thymus from F 1 mice between BALB/c and MSM and thymic lymphomas developed in the F 1 mice. No difference in expression was detected between BALB/c and MSM alleles (Figure 3b ). These results argue against any difference in promoter/expression level.
Polymorphism in the coding sequence could result in proteins with differing degrees of activity, which may account for the differing susceptibility. We therefore determined the coding sequence of Mtf-1. Polymorphisms conferring amino-acid substitutions in MSM were considered potentially important if they were also present in AKR/J but absent in the five laboratory strains. Eight SNPs were identified, one of which fitted the genetic screening criteria; a T to C change was identified in the coding sequence of MSM and AKR that alters the corresponding amino acid at position 424 from a serine to proline. This polymorphism might be relevant to the different susceptibility, because mouse MTF-1 possessing serine displays a reduced metal response than human MTF-1 having proline at the corresponding position in transient transfections (Radtke et al., 1995) . To test this possibility directly, we replaced the DNA fragment encoding serine with that encoding proline and assayed their transcriptional activity by transfecting plasmid DNA to Mtf-1-null cells. Transcriptional activity was determined by the luciferase activity in a reporter gene with and without zinc treatment. The change to proline conferred a higher metal responsiveness in transfections (Figure 4a ), indicating that this amino acid is important for high inducibility by metals and possibly other stress conditions. Radiation effect on MTF-1 activity was also examined in Mtf-1-null cells after transfection. However, the effect was unclear, since the results varied from experiment to experiment probably due to apoptosis conferred by irradiation (data not shown). This failure of detection in cultured cells is consistent with the previous result (Koropatnick et al., 1989) .
Expression of the two MTF-1-target genes, metallothionein-1 (Mt1) and placental growth factor (PlGF) (Andrews, 2000; , was examined in thymocytes before and after 4 Gy g-irradiation of mice by using multiple PCR with a-catenin gene as an internal control (Figure 4b ). The level of metallothionein expression was very low before irradiation but increased 16 h after irradiation in most mouse strains. The increase was stronger in AKR and congenic mice of BALB/c background having the MSM-derived Mtf-1 region (i.e. proline) than in BALB/c (serine). PlGF also showed a similar result but the level of radiation inducibility was less than that of Mt1 (Figure 4c ). This may be due to different promoter structures and/or differences in the transcription cofactors or coactivators involved (Andrews et al., 2001; Zhang et al., 2003) . On the other hand, regulation of Mtf-1 itself did not display any difference in expression before and after irradiation. We could not determine the inducibility of MSM because this particular strain displayed such a high Allele-specific expression of Mtf-1 and Inpp5b. DNA and RNA from BALB/c, MSM, their F 1 mouse and lymphomas (L1 and L2) developed in F 1 were subjected to PCR or RT-PCR, and the products were digested with with MboI and NlaIII, respectively. The ratio of BALB/c and MSM in RNA is similar to that in DNA Mtf-1 and predisposition to mouse thymic lymphomas Y Tamura et al radiosensitivity that the cell number of thymocytes was reduced to one-tenth of unirradiated ones. These results, together with the transfection results described above, strongly suggest that the polymorphism of Mtf-1 is responsible for different radiation inducibility.
Discussion
We report here the genetic and haplotype mapping of the lymphoma susceptibility locus on mouse chromosome 4. The candidate region was localized within an interval of approximately 1.0 Mb where at least eight genes were assigned including the Mtf-1 gene. This mapping is based on the assumption that AKR and MSM strains carry the same susceptibility allele, although the susceptibility of AKR was not tested in this study. However, we found a base substitution in the coding sequence of Mtf-1 in the resistant strains (MSM and AKR) that alters the corresponding amino acid at position 424 from a serine to proline. The resistant strains possessing the Mtf-1 allele of proline type exhibited higher radiation inducibility of target genes, such as Mt1 and PlGF, than susceptible strains having the Mtf-1 allele of serine type. Products of the targets are able to suppress cellular stresses generated by irradiation and reduce the probability of DNA damage and apoptosis in the cells. It is therefore probable that highly inducible strains can be refractory to radiation effects, and thereby are more resistant to cancer (Macphee et al., 1995; Cormier et al., 1997; Gould and Dove, 1998; Ruivenkamp et al., 2002; Ewart-Toland et al., 2003) . Furthermore, the latter two are weak tumor suppressor genes rather than susceptibility genes because of the presence of frequent allelic losses in tumors. In contrast, the Mtf-1 locus did not show frequent allelic loss in thymic lymphomas, although certain tumor suppressor genes did (Matsumoto et al., 1998; Okano et al., 1999; Wakabayashi et al., 2003a, b) . Exposure of cells to ionizing radiation causes DNA damages in the nucleus and also activates cytoplasmic signaling pathways through the generation of reactive oxygen species (Little, 2000; Criswell et al., 2003) . Any improperly repaired DNA can result in mutations or chromosomal damage, some of which may lead to cell death, and others to the initiation of the process that leads to neoplasia. The radiation-induced signaling pathway modulates apoptosis and the repair process and overlaps that activated by heavy metals such as zinc, which involves MTF-1. Activated MTF-1 in the cytoplasm enters the nucleus, binds to metal responsive elements and activates transcription of genes having the elements in the promoter (Smirnova et al., 2000; Saydam et al., 2001 ). The MTF-1 polymorphism affects the efficiency of the transcription activation, although the activation requires cofactors or coactivators to execute its full transcriptional activity (Andrews et al., 2001; Zhang et al., 2003) . Several other radiation-responsive transcription factors have been identified, including NF-kB, p53, c-Jun and cFos (Criswell et al., 2003) . These signaling pathways represent both pro-and antiproliferative signals, and their relative balance can determine cell fate.
The MTF-1 transcription factor plays a key role in stress response and contributes to cell survival. Its target genes so far identified are MT1, a-fetoprotein, g-GCS, Znt1 and PlGF (Andrews, 2000; Langmade et al., 2000; , and at least some of them are effector molecules involved in cellular stress response. MT1, a-fetoprotein and glutathione whose synthesis is regulated by a key enzyme, g-GCS, are induced by stresses such as heavy metals, toxic compounds and reactive oxygen species. For instance, MTs are efficient scavengers of hydroxyl radicals, and yeast and mammalian MTs can functionally substitute for superoxide dismutase in protecting yeast from oxidative stress (Tamai et al., 1993) . PlGF is a survival factor for macrophages and vascular cells and inhibits apoptosis in vitro (Adini et al., 2002) . It is also possible that there are other unidentified targets that respond to and protect from stresses. Analysis of primary mouse embryo fibroblasts prepared from Mtf-1 -/-mice suggests the existence of a threshold for the accumulation of harmful agents depending on an amount of MTF-1 proteins within the cell. Mtf-1 -/-cells are more susceptible to cadmium or H 2 O 2 treatment than Mtf-1 þ / þ cells, and the susceptibility of Mtf-1 þ /-cells is intermediate, indicating that the defense activity is dose-dependent (Gunes et al., 1998) . This may account for the codominance of BALB/c susceptibility-and MSM resistance-giving alleles in lymphoma development. Congenic mice heterozygous for Mtf-1 alleles of proline and serine types showed an approximately twofold higher incidence of lymphomas than those of homozygous Mtf-1 alleles of proline type.
In conclusion, our data strongly suggest that the Mtf-1 polymorphism accounts for the different susceptibility to g-ray-induced mouse thymic lymphomas at a certain level. This observation raises the possible involvement of human MTF-1 polymorphisms in the modulation of radiation-induced malignancies. Although examination of 50 human individuals for the polymorphism at the position 425 (corresponding the position 424 in the mouse) showed that all of them were of proline type, database search reveals other polymorphisms in human Mtf-1 and flanking regions. Analysis of relevance of these polymorphisms to the modulation is of special importance when we consider that the cumulative risk of developing cancer conferred by diagnostic X-rays is estimated as high as approximately 1% (Berrington de Gonzalez and Darby, 2004) . Conversely, chemical inhibition of MTF-1 may enhance sensitivity, leading to apoptosis of tumor cells that have been challenged with ionizing radiation therapy or DNA damageinducing drugs, leading to increased apoptosis.
Materials and methods

Mice, irradiation and lymphoma induction
A congenic mouse line for D4Mit12 on chromosome 4 was obtained previously (Saito et al., 2001) , which carried an MSM-derived chromosomal region spanning D4Mit9 and D4Mit203 (40 Mb). The original congenic mice were crossed with BALB/c mice and four subcongenic lines were obtained after genotyping with 15 microsatellite markers within this region. Genetic composition of the chromosome 4 in each line is depicted in Figure 1a . Lines 2 and 3 overlapped only a short interval in the vicinity of Fhl3 (Figure 2 ). Heterozygous female mice of the subcongenic lines were crossed with MSM male mice, and progeny were subjected to fractionated g-rayirradiation, 2.5 Gy four times at a week interval, when they were at age of 4 weeks. Development of thymic lymphoma was diagnosed by the inspection of labored breathing up to 300 days. Existence of tumors was confirmed upon autopsy of the mice, and some lymphomas were histologically and immunologically examined. Comparison of the lymphoma incidences was made in parallel between mice of two different genotypes under the same conditions in each group because the incidence may vary from experiment to experiment. The genotyping was carried out after diagnosis of lymphoma development.
For RNA expression analysis, mice were once treated with 4 Gy of whole-body irradiation and killed after 16 h.
Genotyping and statistics
Genotyping was carried out using microsatellite markers as described previously (Saito et al., 2001) . w 2 and P-values for association of markers with the development of lymphomas were obtained by w 2 test and Mantel-Cox test with StatView-J 5.0 software on a Macintosh personal computer. Evaluation of linkage followed the criteria of Lander and Kruglyak (1995) . The statistical threshold of each recombinant lines were corrected for multiple comparisons using the formula,
] a(T): C(number of chromosomes) ¼ 1, r(to account for corrected results among linked loci: for backcross with 1 df) ¼ 1, G(genome size in Morgans) ¼ 0.25, T(for the w 2 statistic with 1 df) ¼ 3.84 and m(T) ¼ 0.05. The genome size of lines 3 and 4 is calculated to be 0.030 and 0.014, respectively, assuming that one centiMorgan corresponds to 1.6 Mb. Linkage was taken as significant when P-value was less than 0.026 and 0.035 in lines 3 and 4, respectively.
SNPs and haplotype mapping
Genomic DNA was isolated from tail or liver of mice and lymphomas by a standard protocol. PCR and separation of PCR products by gel electrophoresis were performed as described previously (Saito et al., 2001) . SNPs were determined on both the forward and reverse strands of DNA by sequencing PCR products that were amplified with primers of genes listed below. These primers were also used for haplotype mapping as follows: Fhl3 -ACCACAGCTGC TTTTCCTGT, GCGCCAAAGTCTTGAACTCT; Inpp5b -AAGAACTGCCTTAAGCTGGT, ATGCATGAACATGTT TGCGG; Mtf-1 -TCTTCCTGTGAGCACAGCAG, GGAT GTTCCTGGGATACGAG; Q9Z132 -TTCCAGAACTG GAGCATCTG, ACGTGTACCACGGATGTGTA; 231000 05No1Rik -CCGGCACAGAATGAATGTCT, CGATCAG ATGTGTCATCAGG; Grik3 -CTCCTATGATGGTCAA GACG, GCTGGCCTTCACAGCTTCAG; Novel1 -GCCA CTGAAGAACTGCTCAT, CTCATCATTGAGTGGACT CA; Csf3r -TCCGCTGAAATCTACTGGCC, TTTCTCTG TATAGCTCTGGC; Bet3 -GTAAGCATCTCTAGGACT TG, TGGCAGACTACAGTGTCACT; Psmb2 -ATCTGCC GACCTTCAGTGTC, ATCTATCAAGAGTGAACGTC; Ncdh -GGCCATTGACATCACAGTTC, CAGAAAGG TAGTTCCTGCTG; Gja4 -ATGTCACTCAACAGAGCT GC, AGCAGCCTGCATCAGTGCTT; Gja3 -ATGGTA CACAGGGCTTCTAC, TATGTCAAGGATATACGCCG.
RT-polymerase chain reaction
Total RNA was prepared from isolated thymocytes using the RNA Easy Mini kit (Quiagen) according to the protocol recommended by the manufacturer. cDNA was synthesized from 1-5 mg of total RNA with an oligo(dT) 12 primer using SuperScript Preamplification System (Gibco) and an aliquot ( 1 2 of cDNA products) was used for PCR using primers listed below. Multiplex PCR was carried out similarly where acatenin primers were always included as a reference. PCR products were separated by electrophoresis in 8% polyacrylamide gel and visualized by staining with ethidium bromide or Syber Green. Quantification was carried out with Molecular Imager (BioRad Inc.) as follows: a-catenin -GTGAT-CAGTGCTGCCAAGAA, ACGTAGGACGCCTTCACTGT; Mt1 -CTTCACCAGATCTCGGAATGG, TGTATAGTTCT GTCCCCGAG; PlGF -CCAGCTCACGTATTTATTACCG, TGCCTTCAATGCAGCCGG; Znt1 -TGACAATCTGGAA GCGGAAGACAAC, GGAAGCGGGGTCCTCACATTTTA TG; Hprt -GCTGGTGAAAAGGACCTCT, TCATTATAGT CAAGGGCATATCCA. PCR-RFLP was performed for PCR products of Inpp5b and Mtf-1 by digesting with NlaIII and by MboI, respectively. The forward primer of Mtf-1 was a degenerated primer: 5 0 -AAATTGGAAGGATGAAGAGA and the reverse primer was the same used for the haplotype mapping. The primers used for Inpp5b were the same as above.
Transfection assay
The mouse MTF-1 expression vectors coding serine and proline at amino-acid position 424 were derived from the plasmid pC-mMTF-1-VSV (Radtke et al., 1993) . As for the MTF-1 vector having the serine residue, DNA fragments were synthesized with PCR using a set of primers (F: TTAGATCTCGCC CCGTTACATA; and R: TTAGATCTCGCCCCGTTACATA) and pC-mMTF-1-VSV as a template. Products were cloned into BglII and EcoRV sites of pcDNA3.1 vector after digestion of the PCR products with BglII. DNA fragments coding the proline residue were synthesized with PCR using mutagenic primers (mF: CTCGTACTGCAGCCTGGCATCTCC; and mR: AGATGCCAGGCTGCAGTACG) according to the method of splicing by overlap extension (Kammann et al., 1989) , and then cloned into pcDNA3.1 vector in a similar manner. Inserts were sequenced to verify the desired mutation and no other alterations introduced. The SV40-transformed Mtf-1 -/-embryonic stem cells designated as DKO7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were transfected by the Mtf-1 clone of the serine or proline type, together with reporter and reference genes, using the FuGENE kit (Roche Molecular Biochemicals, IN, USA). The reporter gene consisted of the firefly luciferase coding sequence driven by a synthetic 4xMRE/TATA box promoter (Radtke et al., 1995) , and the reference was a b-galactosidase (CMV-LacZ) gene under the control of the ubiquitously active CMV promoter. At 24 h after transfection, cells in the dishes were washed twice with DMEM and incubated 24 h in DMEM containing 2% Chelex-treated FBS. A half of the dishes were treated with ZnCl 2 at a final concentration of 200 mM for 4 h and then harvested. Cells with and without zinc treatment were analysed by measuring luciferase activities, and the activity units were normalized to b-galactosidase values.
